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Targeted inhibitors of the human epidermal growth factor
receptor 2 (HER2), such as trastuzumab and lapatinib, are
among the first examples of molecularly targeted cancer therapy
and have proven largely effective for the treatment of HER2-
positive breast cancers. However, approximately half of those
patients either do not respond to these therapies or develop sec-
ondary resistance. Although a few signaling pathways have been
implicated, a comprehensive understanding of mechanisms
underlying HER2 inhibitor drug resistance is still lacking. To
address this critical question, we undertook a concerted
approach using patient expression data sets, HER2-positive cell
lines, and tumor samples biopsied both before and after trastu-
zumab treatment. Together, these methods revealed that high
expression and activation of a specific subset of receptor tyro-
sine kinases (RTKs) was strongly associated with poor clinical
prognosis and the development of resistance. Mechanistically,
these RTKs are capable of maintaining downstream signal
transduction to promote tumor growth via the suppression of
cellular senescence. Consequently, these findings provide the
rationale for the design of therapeutic strategies for overcoming
drug resistance in breast cancer via combinational inhibition of
the limited number of targets from this specific subset of RTKs.

Breast cancer is the most common invasive cancer in women,
accounting for more than 40,000 deaths in the United States per
year (1). The HER2-positive subtype comprises ~20% of all
breast cancers and is defined as displaying overexpression of
the human epidermal growth factor receptor 2 (HER2) protein
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or amplification of the ERBB2 gene, as assayed by immunohis-
tochemistry or fluorescence in situ hybridization, respectively.
HER?2 is a transmembrane protein that heterodimerizes with
and activates other members of the ErbB family of receptor
tyrosine kinases, resulting in increased cell growth and prolif-
eration (2). In addition to breast cancer, HER2 overexpression
or ERBB2 gene amplification occurs in several other human
malignancies, including ovarian, stomach, and uterine cancers
(3), where it is also associated with recurrence and poor prog-
nosis (4). Targeted HER2 inhibitors, including the monoclonal
antibodies trastuzumab (trade name Herceptin) and pertu-
zumab, the EGFR/HER?2 inhibitor lapatinib, and the antibody-
drug conjugate trastuzumab emtansine (T-DM1) have been the
standard of care for HER2-positive breast cancer since the Food
and Drug Administration approval of trastuzumab in 1998 (5).

Although targeted HER?2 inhibition has proven largely effec-
tive for the treatment of HER2-positive breast cancers, approx-
imately 40 —60% of all patients either do not respond to treat-
ment or respond initially but eventually acquire secondary
resistance (6, 7). Several anticancer drug resistance mecha-
nisms have been identified, including HER2 proteolysis,
Mucin-4 overexpression, and loss of the PTEN phosphatase (8).
However, these mechanisms are either not easily targetable or
are unlikely to account for resistance in the majority of patients.
In addition, several receptor tyrosine kinases (RTKs)®> have
been implicated to play a role in bypassing HER2 inhibition (9),
and similar bypass resistance mechanisms have been observed
in other cancer types, such as EGFR-positive lung cancer and
BRAF mutant melanoma (10). However, it is currently unclear
which RTKs are the most important mediators of resistance to
HER?2 inhibition, because there has not been a comprehensive
study of all RTKSs to identify those specifically associated with
drug resistance in HER2-positive breast cancer patients.

To address this issue, we have undertaken a systematic bioin-
formatic analysis of the expression of 49 human RTKs as it
relates to HER2 breast cancer patient survival using a database
composed of 22 publicly available data sets. Of the RTKs in
which high expression was associated with poor patient sur-
vival, only a distinct subset of RTKs was able to functionally
confer drug resistance when overexpressed in HER2-positive

3 The abbreviations used are: RTK, receptor tyrosine kinase; EGFR, EGF recep-
tor; PDGFR, PDGF receptor; IGFBP, insulin-like growth factor-binding pro-
tein; gqPCR, quantitative real-time PCR; SA-Bgal, senescence-associated
B-galactosidase; EMT, epithelial-to-mesenchymal transition.
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FIGURE 1. Bioinformatic identification and experimental validation of RTKs mediating trastuzumab resistance. A, forest plot of the concordance index
estimates of survival risk for each RTK in HER2 patients. Data are ordered and presented as the mean = S.E. Higher concordance index numbers predict worse
outcome. The most significant p values are also shown; *, p < 0.05; **, p < 0.01; ***, p < 0.001. B-D, SKBR3, BT474, or AU565 breast cancer cells engineered to
stably express the indicated RTKs were cultured for 2 days in increasing amounts of lapatinib, and then cell viability was measured and plotted as a function of
drug concentration. Error bars, S.E. Results are summarized in E. NR, no rescue; P, partial rescue; R, rescue. F-H, Kaplan-Meier curves of IGF1R, TYRO3, and
PDGFRb in each of the HER2 molecular subtype. Gene expression is split on the median into low and high classifications, and data are presented as the

probability of relapse-free survival or distant metastasis-free survival versus time in months.

breast cancer cells. Moreover, using a panel of HER2-positive
breast tumors, we observed that the expression of these RTKs
was specifically elevated only in patient tumors that did not
respond to trastuzumab therapy. Importantly, those RTKs were
not universally up-regulated by every tumor, because different
combinations of these RTKs were found to have the ability to
drive resistance in individual patients and cell lines. However,
for each tumor and cellline analyzed, at least one of these recep-
tors was associated with insensitivity to HER2 inhibition, sug-
gesting that those RTKs might serve as viable targets for over-
coming drug resistance. Mechanistically, these RTKs appear to
confer resistance by maintaining signaling flux through both
the PI3K/Akt and RAS/RAF/MAPK pathways and inhibiting
the onset of cellular senescence. Thus, cellular senescence
probably represents an important biological process underlying
the clinical efficacy of HER2 inhibition.

Results

Bioinformatic Identification and Experimental Validation of
Specific RTKs Mediating Trastuzumab Resistance—One pro-
posed mechanism for the development of resistance to targeted
cancer therapy involves utilization of alternate signaling mole-
cules by cancer cells to bypass pharmacological inhibition and
maintain signaling output (11-13). To identify RTKs that
might mediate drug resistance in HER2-positive breast cancer,
we conducted an unbiased bioinformatic screen of all human
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RTKs by analyzing gene expression data of HER2-positive
patients from an integrative database consisting of 22 publicly
available data sets. RTKs most highly implicated in drug resis-
tance from this analysis included MSTIR (also called RON),
TYRO3, IGF1R, EPHB3, PDGFRb, EPHB2, and ROR2 (Fig. 1A).
Of these, MST1R and IGF1R have been previously reported to
play roles in resistance to HER2 inhibition (14 —17). Surpris-
ingly, high expression of MET (hepatocyte growth factor recep-
tor), which has been implicated in resistance to EGFR inhibitors
in colorectal cancer (18), was associated with better clinical
outcome in HER2-positive breast cancer (Fig. 1A). It should be
noted that these gene expression data were acquired from
patient tumors before therapy, and thus this analysis might not
identify all of the RTKs capable of mediating resistance. None-
theless, these results implicate a subset of RTKs as molecules
that function to worsen patient outcome in HER2-positive
breast cancer and thus serve as an entry point for more detailed
studies on the role of these RTKs in anti-HER2 drug resistance.
To assess whether these candidate RTKs could confer resis-
tance to HER?2 inhibition in an experimental setting, we stably
expressed each of these candidate RTKs individually in three
HER2-positive cell lines known to be sensitive to HER2 inhibi-
tion (supplemental Fig. S1A) (19). Following 3-day treatment
with increasing amounts of the EGFR/HER?2 inhibitor lapa-
tinib, we quantified cell viability using a luminescence-based
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assay. As expected, the viability of cells expressing the control
vector was strongly impaired by HER2 inhibition, with an IC,, <
100 nM™ for all three cell lines assayed (Fig. 1, B—D). Four of
the seven candidate RTKs had no measurable effect on cell
viability when expressed in any of the three cell lines, indi-
cating that these receptors are unable to confer resistance in
this experimental setting. However, ectopic expression of
IGF1R, TYRO3, or PDGFRb was found to robustly improve
breast cancer cell viability in the presence of lapatinib,
although total HER?2 levels were not significantly altered in
these cells (supplemental Fig. S1B). Similar results were
observed using the anti-HER2 monoclonal antibody trastu-
zumab (supplemental Fig. S1C), suggesting that breast cancer
cells use analogous molecular mechanisms to establish resis-
tance to either lapatinib or trastuzumab, although alternative
resistance mechanisms, such as immune system engagement,
might differ for these two drugs (9). Interestingly, the response
of each of the three HER2-positive cell lines analyzed was dif-
ferentially affected by forced expression of these RTKs.
Whereas IGF1R was most effective at rescuing BT474 cell via-
bility, TYRO3 provided the strongest rescue of the SKBR3 and
AU565 cell lines. PDGFRD expression resulted in partial rescue
of two of the three drug-sensitive cell lines assayed (data sum-
marized in Fig. 1E). Taken together, these results provide evi-
dence that only a specific subset of RTKs, including IGF1R,
TYRO3, and PDGFRb, can confer resistance to HER2 inhibi-
tion in breast cancer, albeit to different extents for different
tumor cell lines, although we might have missed those RTKs
that could exert their effect only in an in vivo setting, particu-
larly if they function primarily in immune cells.

To provide another line of support for the correlation
between clinical outcome of HER2-positive patients and the
expression pattern of a distinct subset of RTKs, we conducted
further analysis of a breast cancer metaset composed of 333
unique HER2-positive patient samples. Expression of each RTK
was split on the median into low and high classifications,
Kaplan-Meier curves were plotted, and p values were calculated
using the log-rank method (Kaplan-Meier curves for the
expression of all RTKs are shown in supplemental Fig. S2). This
analysis confirmed that the expression of a similar subset of
RTKs, such as IGFIR and TYROS3, is strongly correlated with
clinical outcome for HER2-positive breast cancer (Fig. 1, F and
G). PDGFRD also appeared to be associated with patient sur-
vival, although this result was less statistically significant (p =
0.06), perhaps because different tumors utilize this RTK to var-
ious extents to generate resistance, as was observed for different
breast cancer cell lines cultured in vitro (Fig. 1H). Based on
these bioinformatic and experimental results, we concluded
that this subset of RTKs, including IGF1R, TYRO3, and PDG-
FRb, warrants further study as receptors that influence HER2-
positive breast cancer patient survival, possibly through drug
resistance mechanisms.

The Subset of RTKs Mediating Resistance Is Up-regulated in
Resistant Tumors and Cell Lines as a Result of HER2
Inhibition—Because ectopic expression of this subset of RTKs
was able to promote resistance to HER2 inhibition in breast
cancer cells grown in culture (Fig. 1, B—E), we wondered
whether these cells might up-regulate these specific RTKs
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during the acquisition of drug resistance. To explore this, we
compared sensitive BT474 cells with a resistant derivative
that was generated by culturing BT474 cells in the presence
of lapatinib to select for resistant clones (rBT474) (20). Sub-
sequent studies revealed that rBT474 cells do not respond to
trastuzumab, and basal expression of IGF1R, PDGFRb, and
TYROS3 was higher in the resistant cells compared with the
parental line, whereas HER2 expression levels were relatively
unchanged (supplemental Fig. S3, A and B). To investigate
this further, we cultured rBT474 cells in increasing concentra-
tions of trastuzumab for 72 h and measured both the total and
phosphorylated (active) forms of these RTKs. Interestingly,
low levels of trastuzumab led to elevated levels of IGF1R, phos-
pho-IGFIR, and PDGFRb, whereas TYRO3 expression was
increased only at the highest concentration (Fig. 24). We also
observed increased expression of IGF1R, phospho-IGF1R, and
PDGEFRb, but not TYRO3, in an independent, intrinsically
resistant cell line, MDA-MB-361, as a result of sustained HER2
inhibition (Fig. 2B), implicating the induction of these RTKs as
a common response utilized by drug-resistant breast cancers to
combat HER2 inhibition.

The increased RTK expression that was observed to result
from HER2 inhibition might be caused by acute up-regulation
(feedback activation) or instead reflect the selection of a sub-
population of cells with higher expression (21, 22). To explore
this, we measured both total and activated IGF1R in MDA-MB-
361 cells at multiple time points following HER2 inhibition.
This analysis revealed different kinetics for the observed
increases in total and phosphorylated IGF1R, with IGF1R phos-
phorylation appearing 1-3 h after HER2 inhibition and total
IGF1R increasing at ~72 h (supplemental Fig. S3C), suggesting
that both direct IGF1R activation and long term feedback up-
regulation or selection for cells expressing high levels of IGF1R
could play roles in the development of resistance.

We next determined whether these observations concerning
cancer cells grown in culture were directly correlated with clin-
ical outcomes for breast cancer patients. To this end, we
obtained tumor samples from 32 HER2-positive breast cancer
patients before and after neoadjuvant trastuzumab therapy
(supplemental Table S1). Samples obtained before treatment
were acquired by mammotome breast biopsy, which is a stan-
dard procedure used for diagnostic purposes. Of the 32 tumors
analyzed, 19 were classified as responsive, whereas the remain-
ing 13 were categorized as trastuzumab-resistant based on the
existence of a stable or progressive disease (supplemental Fig.
S4). This response rate (59.4%) is similar to previously reported
response rates for trastuzumab therapy (6, 7). Consistent with
the results from the cell culture studies, immunohistochemical
staining using antibodies specific for this subset of RTKs,
IGF1R, PDGFRb, and TYRO3, revealed that both sensitive and
resistant tumors expressed relatively low levels of these RTKs
before treatment (Fig. 2, C—E). Whereas targeted therapy had
no significant effect on receptor expression in responsive
tumors, recalcitrant tumors displayed significantly elevated
IGF1R, PDGFRb, and TYRO3 protein levels after therapy, sug-
gesting that these RTKs might promote resistance in the clini-
cal setting. Importantly, this response was not uniform across
all patient samples, with individual tumors inducing various
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FIGURE 2. RTKs mediating resistance are up-regulated in drug resistant tumors and cell lines as a result of HER2 inhibition. A and B, IGF1R, PDGFRb, and
TYRO3 expression levels increase as a result of trastuzumab (TRA) treatment in drug-resistant breast cancer cells. rBT474 (A) or MDA-MB-361 (B) cells were
cultured for 72 hin the presence of 1, 3, or 10 um trastuzumab, after which cells were harvested and protein lysates were immunoblotted using the indicated
antibodies. C-E, representative images and quantification of IGF1R, PDGFRb, and TYRO3 immunohistochemistry in resistant and sensitive tumors before and
after neoadjuvant trastuzumab therapy. Samples were obtained from HER2-positive breast cancers by mammotome biopsy before therapy and from surgery
after treatment. n = 19 sensitive tumors; 13 resistant tumors. Error bars, S.D.; ***, p < 0.01. See supplemental Table S3 for exact p values. F, frequency of RTK
overexpression after HER2 inhibition based on immunohistochemistry analysis of unresponsive patient tumors. A green bar represents up-regulation of the

indicated RTK in an individual tumor.

combinations of these RTKs, indicative of heterogeneity in
patient response to treatment (Fig. 2F and supplemental Table
S2). Nonetheless, each of the 13 resistant tumors analyzed was
found to significantly up-regulate at least one of these three
RTKs, which supports their potential to function as therapeutic
targets for the treatment of trastuzumab-resistant breast
cancer.

Activity of the Distinct Subset of RTKs Is Necessary to Sustain
Major Intracellular Signal Transduction Pathways in Response
to HER2 Inhibition—Various RTKs are known to regulate
mammalian cell growth and proliferation by activating a shared
repertoire of intracellular signaling cascades, most prominently
the PI3K/Akt and Ras/Raf/ERK pathways. Based on our find-
ings that this subset of RTKs could promote resistance to HER2
inhibition, we hypothesized that this specific group of RTKs
might be utilized by breast cancer cells to maintain these sig-
naling pathways at their original strength and spectrum when
HER?2 activity is blocked. In contrast, those RTKs incapable of
conferring resistance, such as EPHB3, EPHB2, and ROR2 (Fig.
1, B—E), might not be able to adequately compensate for the loss
in signaling input to the downstream pathways in the context of
HER2 inhibition. To test this, we utilized trastuzumab-sensitive
HER2-positive cell lines engineered to stably express these
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RTKs. As shown in Fig. 34, 24-h lapatinib treatment of the
vector control SKBR3 cells resulted in a strong reduction in the
phosphorylated (active) forms of Akt and ERK, as measured by
immunoblotting. Cells expressing TYRO3 or PDGFRb, how-
ever, were able to maintain robust levels of these phosphorylated
proteins in the presence of HER2 inhibition, a result indicating
that these specific RTKs are capable of sustaining signaling flux
through these pathways to promote resistance. In contrast, we
found that EPHB2 and EPHB3, RTKs that were previously
shown to be incapable of conferring lapatinib resistance in this
cell line, were unable to restore the loss of Akt and ERK signal-
ing resulting from HER2 inhibition (supplemental Fig. S5A).
Signaling activity of an additional sensitive cell line, AU565, was
rescued by forced expression of TYRO3 and IGFIR but not
PDGEFRDb (supplemental Fig. S5B), a result that correlates with
the ability of these RTKs to rescue the viability of this cell line in
the presence of HER2 inhibition (Fig. 1D). Therefore, there is a
close relationship between the ability of a specific RTK to con-
fer drug resistance and its capacity to maintain flux through
important downstream signaling pathways. Moreover, these
results suggest that robust activation of major intracellular sig-
naling cascades is necessary for a specific RTK to promote the
development of resistance to anti-HER2-based therapy.
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FIGURE 3.1GF1R, TYRO3, and PDGFRb activity is necessary to sustain signal transduction and tumor cell proliferation in response to HER2 inhibition.
A, SKBR3 cells expressing TYRO3, IGF1R, or PDGFRb were treated with lapatinib (Lap) for 24 h, and then proteins were resolved by SDS-PAGE and immuno-
blotted using antibodies specific for the indicated signaling proteins. B, synergistic inhibition of trastuzumab-resistant cell growth by HER2 and IGF 1R chemical
inhibitors. rBT474 cells were cultured for 72 h in the presence of increasing concentrations of lapatinib, AEW541, or lapatinib plus AEW541 and then metabol-
ically labeled with 2 uCi of [*H]thymidine for 16 h, after which DNA was precipitated and thymidine incorporation was measured by scintillation counting. C,
rBT474 cells were cultured as in B but treated with the PDGFRb inhibitor sunitinib instead of AEW541. Error bars, S.E.; ***, p < 0.05. D and E, combined HER2 and
IGF1R inhibition delays mammary tumor formation in mice. Immunodeficient BALB/c nude mice were orthotopically injected with rBT474 breast cancer cells,
and, after allowing 1 week for tumor formation, were treated daily with vehicle, lapatinib, or lapatinib plus AEW541. Tumor sizes were measured twice weekly
using vernier calipers until day 25, at which point mice were sacrificed, and dissected tumors were photographed (E). Mean tumor volumes = S.E. are shown
in D; ***, p < 0.05 (n = 4 mice/group).

Efficacy of Combinational RTK Inhibition in Overcoming alone or in combination with lapatinib. Together, these data
Resistance—TIf this subset of RTKs is important in the develop- indicate that combinational inhibition of specific RTKs could
ment of anticancer drug resistance, then treatment with phar- be an effective strategy for overcoming resistance to HER2
macological inhibitors targeting these RTKs is predicted to inhibition.
confer susceptibility to HER2 inhibition. To explore this, we To determine whether this combinational therapy could
cultured rBT474 cells in the presence of lapatinib, the IGFIR- affect mammary tumor formation in vivo, we employed a
specific kinase inhibitor NVP-AEW54118 (AEW541), or a mouse model of drug-resistant breast cancer by injecting
combination of both small molecules. AEW541 has been pre- rBT474 breast cancer cells into the mammary fat pad of immu-
viously shown to possess >10-fold increased inhibitory activity nodeficient BALB/c nude mice. Because AEW541 is currently
against IGF1R compared with other tyrosine kinases, including  the most selective chemical inhibitor that is widely available for
HER2 and PDGEFR (23). As expected, HER2 inhibition in SKBR3  our three targets, we initially chose to focus on IGF1R inhibi-
breast cancer cells resulted in elevated levels of phosphorylated  tion for these in vivo studies. After allowing 1 week for tumor
IGF1R, which was abrogated by administration of AEW541 formation, we began to administer either lapatinib or lapatinib
(supplemental Fig. S5C). More importantly, whereas treatment = combined with AEW541 by daily oral gavage. Consistent with
with either inhibitor alone had no significant effect on cell our in vitro results, lapatinib treatment alone had no measur-
growth, the combination of lapatinib and AEW541 produced a able effect on tumor progression compared with vehicle. In
dose-dependent decrease in cell proliferation (IC5, ~300 nvM; contrast, combined HER2/IGF1R inhibition resulted in signif-
Fig. 3B). Similar results were obtained using a chemical inhibi-  icantly reduced tumor burdens in these animals (Fig. 3, D and
tor targeting PDGFRb (sunitinib; Fig. 3C). It should be noted E). These results demonstrate the potential therapeutic efficacy
that, unlike AEW541, sunitinib is not specific for its target, but  of pharmacologically targeting members of this distinct subset
can also inhibit other RTKs, such as VEGF receptors (24). How-  of RTKSs to circumvent resistance.
ever, in support of the notion that this compound is impeding As mentioned above, pharmacological inhibitors specifically
breast cancer cell proliferation by specifically blocking PDG- targeting PDGFRb and TYRO3 are not widely available.
FRb, similar assays revealed that pharmacological inhibition of Recently, several clinical trials have examined the effects of
c-Met or c-Kit, RTKs not predicted to be associated with resis- PDGFR inhibition by imatinib on the progression of various
tance (Fig. 14), had no measurable effect on cell viability either  types of breast cancer (25, 26). However, in addition to both
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10 wm trastuzumab for 72 h. IGFBP3 and IGFBP5 protein and mRNA levels were detected by immunoblotting (A) and gPCR (B), respectively. NS, nonspecific
band. C-F, representative images (Cand D) and quantification (E and F) of IGFBP immunohistochemistry in resistant (R) and sensitive (S) tumors before and after
neoadjuvant trastuzumab therapy. The expression of both IGFBPs selectively increased only in responsive tumors. Samples were obtained from HER2-positive
breast cancers by mammotome biopsy before therapy and from surgery after treatment. Error bars, S.D.; ***, p < 0.01. p values are provided in supplemental
Table S3. G, structure of the IGFBP3 promoter. Locations of the primers used for bisulfite sequencing, TATA box, start codon, and transcription factor binding
sites are indicated. H, methylation analysis of the IGFBP3 promoter in BT474 and rBT474 cells. BT474 (sensitive) or rBT474 (resistant) cells were cultured for 72 h

in the presence of increasing concentrations of trastuzumab, after which genomic DNA was purified for bisulfite sequencing.

PDGFRa and PDGFRDb, imatinib is known to inhibit other tyro-
sine kinases, including Abl and c-Kit, which might account for
the toxicity observed in some of these studies (25, 26). More-
over, all of these clinical trials with imatinib have been con-
ducted on advanced or metastatic breast cancer and were not
focused on the HER2 subtype. Therefore, future studies
examining combinational PDGFRb inhibition for drug-re-
sistant HER2-positive breast cancer are warranted. Efforts to
develop selective TYRO3 pharmacological inhibitors suita-
ble for in vivo drug studies are also currently under way, and
an important future objective will be to examine the efficacy
of combinational IGFIR, PDGFRb, and TYRO3 inhibition on
HER2-positive tumor growth, especially in the context of
drug resistance.

Increased Expression of Inhibitors of Cellular Senescence
IGFBP3 and IGFBPS Is Associated with Responsiveness to HER2
Inhibition—Based on the finding that synthetic compounds
blocking IGFIR signaling impede drug-resistant tumor for-
mation, we tested whether endogenous biological IGF1R
inhibitors might play some role in conferring sensitivity to
HER2 inhibition. Insulin-like growth factor-binding pro-
teins (IGFBPs) are secreted proteins that prevent the initiation
of IGF1R signaling by sequestering extracellular IGF1 such that
it is unable to bind and activate IGF1R (27). To determine
whether IGFBPs are involved in responsiveness to HER2 inhi-
bition, we used immunoblotting and quantitative real-time
PCR (qPCR) to detect changes in IGFBP expression upon tras-
tuzumab treatment. This approach revealed that the expression
of two IGFBP family members, IGFBP3 and IGFBP5, was
induced in a dose-dependent manner in BT474 cells at both the
protein and mRNA levels but remained undetectable in rBT474
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cells after 72 h of treatment (Fig. 4, A and B). Immunohisto-
chemistry of patient tumor samples further revealed that the
expression of both IGFBP3 and IGFBP5 was elevated only in
sensitive tumors following treatment (Fig. 4, C—F). These
results suggest that one mechanism mediating responsiveness
to HER2 inhibition is negative regulation of IGF1R signaling via
induction of IGFBP3 and IGFBP5.

Because IGFBP3 and IGFBP5 are regulated by HER2 inhibi-
tion at the mRNA level (Fig. 4B), we hypothesized that molec-
ular mechanisms underlying this regulation might include that
at the transcriptional level, and such information could be use-
ful in distinguishing sensitive from resistant cells. Previous
reports have highlighted a role for promoter methylation in the
transcriptional control of both IGFBP3 and IGFBP5. The
IGFBP3 promoter contains a large CpG island close to the tran-
scription start site (Fig. 4G), and hypermethylation of this
region is associated with low /IGFBP3 expression and poor clin-
ical outcome in lung, ovarian, and colorectal cancers (28 —30).
The gene encoding IGFBP5 has also been shown to contain a
weak CpG island within its first exon (31). These studies suggest
that DNA methylation might be an important mechanism for
controlling the levels of these two proteins within breast cancer
cells. To explore this possibility, we examined the potential link
of this epigenetic modification and breast cancer sensitivity to
trastuzumab using bisulfite sequencing. As illustrated in Fig.
4.H, the sensitive BT474 cell line contained low levels of IGFBP3
promoter methylation both before and after treatment, which
is consistent with the observed induction of IGFBP3 mRNA. In
contrast, [GFBP3 methylation was markedly higher in rBT474
cells resistant to HER2 inhibition and was further elevated by
trastuzumab treatment, which might function to lock /GFBP3
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expression in a transcriptionally repressed state. Although we
do not know the precise molecular mechanism responsible for
regulating IGFBP3 promoter methylation, a previous study has
indicated that its functional significance is correlated with the
mutational status of p53, which is a known activator of IGFBP3
transcription (30). Although examining this interaction with
p53 in breast cancer cells will require further investigation, our
results suggest that methylation of the /GFBP3 promoter could
serve as a possible biomarker for predicting resistance in HER2-
positive breast cancers.

Responsiveness to Anti-HER2 Therapy Is Associated with
Breast Cancer Cellular Senescence—Although HER?2 inhibition
is therapeutically effective for ~50% of all breast cancers that
overexpress HER2 (32), the most critical cellular and molecular
processes responsible for trastuzumab’s clinical efficacy remain
controversial and are not completely understood (33). IGFBP3
and IGFBP5 are known to promote cellular senescence (34—
37), which is defined as a state of irreversible cell cycle arrest
that plays a tumor-suppressive role in various types of cancer
(38-40). Molecularly, senescent cells often express a common
set of markers, including the cell cycle inhibitors p16 and p21
and the lysosomal enzyme 3-galactosidase (senescence-associ-
ated B-galactosidase, SA-Bgal) (41). Because we have previously
observed that sustained inhibition of another ErbB family
member, EGFR, is sufficient to induce senescence in normal
lung and mammary epithelial cells (42), we were prompted to
investigate whether HER2 inhibition could also promote senes-
cence in breast cancer.

To determine whether cellular senescence might underlie
the ability of HER2 inhibitors to impede breast tumor progres-
sion, we cultured drug-sensitive BT474 and SKBR3 breast can-
cer cells for 3 days in the presence of increasing concentrations
of trastuzumab. This procedure led to the appearance of mor-
phologically altered, non-dividing cells that expressed p16 and
p21 (supplemental Fig. S6, A and B). These results suggest that
breast cancer cells sensitive to HER2 inhibition might be depen-
dent upon HER2 activity to escape senescence and maintain
proliferation. To study this in a more clinically relevant context,
we used the same group of 32 patient tumors to assess cellular
senescence as it relates to patient outcome. As expected,
tumors that responded to targeted therapy contained sharply
reduced expression of the proliferation marker Ki67 (Fig. 5A4).
Moreover, sensitive tumors also displayed elevated levels of p16
and p21 expression (Fig. 5, Band C), indicating that HER2 inhi-
bition impaired human breast cancer progression by inducing
tumor cell senescence. Importantly, recalcitrant tumors did not
express increased levels of these senescence markers upon
completion of the treatment regimen (Fig. 5, B and C). These
results provide support for the notion that cellular senescence
is an important biological mechanism underlying susceptibility
to HER2 inhibition, although induction of apoptosis could also
be involved.

In addition to IGFBPs, senescent cells are known to produce
and secrete a diverse assortment of proteins, including cyto-
kines, chemokines, growth factors, adhesion molecules, and
extracellular proteases (43, 44). This response has been termed
the senescence-associated secretory phenotype (SASP) and can
have pleiotropic effects on neighboring cells within the
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microenvironment (44). To further investigate the relationship
between drug sensitivity and cellular senescence, we measured
the expression levels of various factors that have been impli-
cated in SASP in either sensitive or resistant BT474 cells treated
with trastuzumab. Strikingly, many of these transcripts
were significantly elevated in the sensitive BT474 cells that
appeared to senesce in response to HER2 inhibition but dis-
played no change or even reduced expression in resistant
cells (supplemental Fig. S6C). These results provide further
support for the role of cellular senescence in responsiveness to
HER2 inhibition and implicate the involvement of cell-extrinsic
factors in determining drug sensitivity of HER2-positive breast
cancer.

As shown earlier, targeted inhibition of IGFIR or PDGFRb
confers sensitivity to breast cancer cells that are resistant to
HER?2 inhibition alone (Fig. 3, C and D). To assess whether this
combination therapy leads to cellular senescence, we first
treated resistant breast cancer cells with trastuzumab and
AEW541 and measured senescence using the molecular mark-
ers pl6, p21, and SA-Bgal. Indeed, MDA-MB-361 cells treated
with both drugs expressed increased levels of both cell cycle
inhibitors and also stained positive for SA-Bgal activity (Fig. 5,
D and E). Moreover, mammary tumor sections from mice
treated with both lapatinib and AEW541 also contained ele-
vated SA-Bgal activity (Fig. 5F), supporting the involvement of
senescence in mediating tumor responsiveness in vivo. To
examine the secretory profile of cells induced to senesce via
combined HER2/IGF1R inhibition, we performed SASP profil-
ing of drug-resistant cells treated with either the combination
of both inhibitors or trastuzumab alone. Interestingly, several
of the same secreted proteins were induced by this combina-
tional treatment as in sensitive cells rendered to senesce by
HER2 inhibition alone (supplemental Fig. S6D). In contrast,
most SASP transcript levels were unaltered in resistant cells
treated only with trastuzumab, providing further evidence that
IGF1R inhibition confers susceptibility to HER2 inhibition by
promoting cellular senescence via both cell-intrinsic and -ex-
trinsic mechanisms. Finally, to determine whether PDGFRb
signaling is also involved in suppressing cellular senescence in
the context of HER2-positive breast cancer, we treated resistant
cells with trastuzumab alone or trastuzumab in combination
with the PDGFRDb inhibitor sunitinib or imatinib. Similarly
to IGFIR inhibition, PDGFRb antagonism led to increased
expression of multiple cell cycle inhibitors, including p15, p21,
and p27, as well as elevated SA-Bgal activity (supplemental Fig.
S6, E-G). We conclude that, among this subset of RTKs, both
IGFIR and PDGEFRD confer resistance to HER2 inhibition by
suppressing the cellular senescence process.

Discussion

Here, employing a systematic approach with both expression
analysis of human breast cancers and experimental manipula-
tion of RTK expression and activity, we have demonstrated that
only a distinct subset of RTKs is involved in the generation of
resistance to targeted therapy against HER2 in breast cancer,
although most, if not all, RTKs possess the ability to activate
very similar downstream signaling pathways. Among this spe-
cific subset of RTKs, IGF1R has been implicated in bypassing
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FIGURE 5. Effective anti-HER2 therapy results in tumor cell senescence. A-C, representative images and quantification of Ki67 (A), p16 (B), and p21 (C)
immunohistochemistry in resistant and sensitive tumors before and after neoadjuvant trastuzumab therapy. Samples were obtained from HER2-positive
breast cancers by mammotome biopsy before therapy and from surgery after treatment. Error bars, S.D.; ***, p < 0.01. Exact p values can be found in
supplemental Table S3. D-F, combined pharmacological inhibition of HER2 and IGF1R leads to cellular senescence in drug-resistant breast cancer cells.
MDA-MB-361 cells were treated for 72 h with trastuzumab (TRA) and AEW541 as indicated, and cellular senescence was assayed by SA-Bgal staining (D) and
immunoblotting cell lysates with antibodies specific for the senescence-associated proteins p16 and p21 (E). F, rBT474 breast cancer cells were grown as tumor
xenografts in BALB/c nude mice (n = 4/group). Following 1 week of tumor establishment, mice were treated with either vehicle, lapatinib (50 mg/kg/day), or
lapatinib combined with AEW541 (both at 50 mg/kg/day) for 18 days. Frozen tumor sections were stained with hematoxylin and eosin to examine tumor
histology or for SA-Bgal activity to detect cellular senescence.
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HER?2 inhibition (14 -16). However, these previous studies did
not directly investigate the effects of trastuzumab therapy on
IGF1R in patient tumors and were instead mainly limited to cell
culture models of breast cancer. Both TYRO3 and PDGFRb
were previously unknown to be involved in anti-HER2 drug
resistance. More broadly, our results highlight the ability of
resistant tumors to utilize different combinations of RTKs
belonging to this subset to achieve resistance, indicating com-
plexity and heterogeneity in response to therapy, a notion also
supported by a previous study (11) demonstrating that different
growth factors display differential abilities to mediate resis-
tance in different cancer cell lines. This notwithstanding, each
of the resistant cell lines and tumors analyzed in our study was
found to up-regulate at least one of these distinct RTKs, sug-
gesting that we have identified molecular mechanisms that
account for resistance in a high percentage of HER2-positive
patients. Therefore, our study reveals both widespread and
tumor-specific responses involved in the establishment of anti-
cancer drug resistance.

Our findings that breast cancer cells utilize alternate RTKs
to bypass targeted inhibition and establish chemoresistance
have clear parallels with previous work implicating RTK
switching in the epithelial-to-mesenchymal transition (EMT).
This phenomenon has been studied most thoroughly in the
context of non-small cell lung cancer, wherein independent
studies have demonstrated that lung cancer cells can
undergo an EMT program to up-regulate either AXL or
IGF1R to bypass targeted EGER inhibition (45, 46). Another
recent study showed that epithelial lung tumors utilize
ERBB3 to drive signal transduction through the PI3K signal-
ing axis, whereas mesenchymal tumor cells down-regulate
ERBB3 and instead maintain signaling flux via up-regulation
of PIK3CA, resulting in reduced growth factor dependence
(47). These results raise the possibility that the increased
utilization of IGF1R, TYRO3, and PDGFRb by drug-resistant
breast cancer cells observed in our study is associated with
an unidentified EMT program. If this is the case, then, by
up-regulating distinct RTK subsets to drive resistance, anti-
HER?2 targeted therapy might also act to drive EMT or select
for a mesenchymal subpopulation within the tumor.

In sum, the results reported here reveal several important
considerations that should guide the development of new tar-
geted therapies for drug-resistant tumors. First, given the het-
erogeneity in molecular mechanisms employed by tumors to
establish resistance, a single targeted therapy will be unlikely to
produce a lasting response against resistant tumors, and com-
binational therapies will instead be required. Second, because
the RTK subset was up-regulated in patient tumors and cell
lines only after anti-HER2 therapy, these molecules will be
unlikely to serve as prognostic markers, making it difficult to
predict the specific molecular mechanisms that an individual
tumor might employ to generate resistance. Although mixtures
containing inhibitors targeting all three RTKs might be utilized
to overcome this problem, it is possible that additional RTKs or
other molecular pathways not revealed in our study could also
play important roles in mediating resistance. As an alternative
approach, immunotherapy might be used in the future to sur-
mount the problem of resistance to targeted cancer therapies,
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because this treatment utilizes a fundamentally different mech-
anism compared with conventional targeted therapies (48).
Indeed, clinical trials using antibodies targeting the PD-1/
PD-L1 pathway in triple-negative breast cancer are currently
under way. In conclusion, although the subset of RTKs identi-
fied in this study could guide the development of targeted ther-
apies for drug-resistant breast cancer, our study also reveals
that tumor heterogeneity produces significant complexities
that should be considered in future efforts to overcome anti-
cancer drug resistance.

Experimental Procedures

Cell Lines and Reagents—All breast cancer cell lines used in
this study were obtained from the Duke Cell Culture Facility,
with the exception of rBT474, which was established by the
laboratory of Neil Spector. BT474, rBT474, SKBR3, AU565,
MDA-MB-361, and T47D cells were cultured in RPMI 1640
supplemented with 10% FBS and 1% penicillin/streptomycin.

Lapatinib (catalog no. CT-LP002) was purchased from
ChemieTek. Trastuzumab was obtained from the Duke Can-
cer Center Pharmacy and Neil Spector with the assistance of
Gerry Blobe and Wenle Xia. NVP-AEW541 was provided by
Novartis. Sunitinib (catalog no. S$1042), imatinib (catalog no.
$2475), and JNJ-38877605 (catalog no. S1114) were pur-
chased from Selleck Chemicals. c-Met/RON dual kinase
inhibitor (catalog no. 448104) was purchased from Milli-
pore. ISCKO03 (catalog no. 355981) was purchased from Santa
Cruz Biotechnology, Inc.

Ectopic RTK Expression—RTK lentiviral expression plasmids
(pLX304 vector) were a gift from Dr. Kris Wood. HER2-positive
breast cancer cells were infected overnight and then selected in
1 pug/ml puromycin for 2 days. Cells in 96-well plates (2000
cells/well) were then treated with increasing concentrations of
the indicated RTK inhibitor for an additional 2 days, after which
cell viability was measured using the Cell Titer-Glo lumines-
cent cell viability assay (Promega G7571). Viability curves were
generated using GraphPad Prism. Results are reported from at
least triplicate samples as the mean * S.D. Protein expression
was verified by immunoblotting using an anti-V5 antibody
(Abcam 9116).

Western Blotting—After the indicated treatment, proteins
were extracted using a 30-min incubation of cells in cold 50 mm
Tris-HCI (pH 7.4), 50 mm NaCl, 0.5% Nonidet P-40, 1 mm DTT,
100 um phenylmethylsulfonyl fluoride, 1X protease inhibitor
mixture (Sigma catalog no. P2714), and 1X phosphatase inhib-
itor mixture (Thermo Scientific catalog no. 1861277). Protein
concentrations were determined by a Bio-Rad protein assay,
and 30 ug of total protein was loaded in each lane of an SDS-
polyacrylamide gel. Primary antibodies were diluted in 1% (w/v)
nonfat dry milk in Tris-buffered saline with 0.05% Tween 20
(TBST) and incubated with PVDF membranes at 4 °C with gen-
tle shaking overnight.

Primary antibodies used for immunoblotting are as follows.
Phospho-Akt (Ser-473, 4060), Akt (4691), ERK (4695), phos-
pho-IGFIR (Tyr-980, 4568), IGFIR (9750), phospho-PDGFRb
(Tyr-740, 3168), TYRO3 (5585), p21 (2947), and p27 (2552)
were from Cell Signaling. Phospho-ERK (Tyr-204, 7383),
PDGERb (339), IGEBP5 (6006), p53 (126), and pl5 (612)
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were from Santa Cruz Biotechnology. Anti-V5 was from
Abcam (9116). Anti-EPHB2 was from R&D Systems (AF467).
Anti-EPHB3 was from Abnova (H00002049-MO01). Anti-
IGFBP3 was from BD Biosciences (611504). Anti-B-actin
was from Sigma (A2228).

Survival Analysis—A breast cancer metaset was derived from
25 publicly available data sets comprising 4885 unique patient
samples. The raw data were downloaded from GEO, normal-
ized with fRMA, and batch-corrected using the COMBAT
algorithm within R (49). Each tumor was then classified into
PAM50 (50) molecular subtypes using Genefu (51). Gene
expression was split on the median into low and high classifica-
tions, and Kaplan-Meier curves were plotted in R. Reported p
values were calculated using the log-rank method. Forest plots
and concordance index estimates were generated using the
survcomp (52) package. Data sets used were GSE10780,
GSE11121, GSE12093, GSE12276, GSE1456, GSE16391,
GSE16446, GSE17705, GSE17907, GSE19615, GSE20194,
GSE2034, GSE20685, GSE20711, GSE2109, GSE21653,
GSE22093, GSE24185, GSE25066, GSE3494, GSE5460,
GSE6532, GSE6532, GSE7390, and GSE9195.

HER2™ Breast Cancer Patient Study—Paired paraffin-em-
bedded samples from 32 breast cancer tissues were collected
before and after neoadjuvant trastuzumab therapy. All patients
underwent preoperative neoadjuvant therapy with 3—4 cycles
of the triweekly TCH regimen (Taxotere, 75 mg/m? carbopla-
tin, AUC (area under the curve) 6 mg/ml/min; and Herceptin, 8
mg/kg loading dose followed by 6 mg/kg every 3 weeks). The
clinical response was assessed based on the RECIST (Response
Evaluation Criteria in Solid Tumors). Antibodies used for
immunohistochemistry are as follows: IGF1R (Cell Signaling,
catalog no. 3027, 1:500), PDGFRb (Santa Cruz Biotechnology,
sc-339, 1:500), TYRO3 (Novus, NBP2-23725, 1:100), IGFBP3
(Abcam, ab76001, 1:50), IGFBP5 (Santa Cruz Biotechnology,
sc-6006, 1:500), Ki67 (Abcam, ab66155, 1:100), p16 (Abcam,
ab189302, 1:500), and p21 (Abcam, ab54562, 3 ug/ml). All of
those antibodies have been validated for immunohistochemis-
try staining. £ test and the x* test were used to compare contin-
uous and categorical variables of two groups. All pathological
biomarkers were pathologically reviewed and quantified inde-
pendently by two breast pathologists. These two pathologists
were blinded to the clinical outcome.

Thymidine Incorporation Assay—After growth on a 24-well
plate for 1 day, cancer cells were treated as indicated and then
metabolically labeled with [*H]thymidine (2 uCi/well) over-
night. Following three washes with PBS, cellular macromole-
cules were precipitated by a 15-min incubation of cells on ice
with 5% trichloroacetic acid and then suspended in 0.5 M
NaOH, 0.5% SDS for liquid scintillation counting using a Beck-
man LS 6000SC counter.

Mouse Xenografts and in Vivo Drug Studies—rBT474 tumor
cell xenografts were established through the 200-ul orthotopic
injection of cancer cell suspension (3 X 107 cells/ml) into the
fourth gland of the mammary fat pad of immunodeficient
BALB/c nude mice (4 mice/group). Tumor volume was moni-
tored twice per week, and after 1 week, mice were randomly
assigned to treatment with vehicle (25 mm L-(+)-tartaric acid,
0.5% Tween 80 by daily gavage), lapatinib (50 mg/kg/day in
SASBMB
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vehicle by oral gavage), or laptatinib combined with AEW541
(50 mg/kg/day of each in vehicle by oral gavage). Lapatinib and
AEW541 were dissolved in DMSO, mixed with vehicle, and
stored at —80 °C in single aliquots. Tumor volumes were
calculated using the formula § X § X L X 0.52, where S and
L are the short and long caliper measurements, respectively.
Animals were sacrificed and tumors were dissected at 25
days after the fat pad injection. Tumors were embedded in
O.C.T.compound, sectioned at 10 wm using a Leica CM3050
S cryostat, and stained for SA-Bgal activity or with hematox-
ylin and eosin.

Quantitative RT-PCR Analysis—Total RNA was extracted
using TRIzol reagent (Ambion) and converted into cDNA
with the iScript cDNA synthesis kit (Bio-Rad). PCR was per-
formed on a MasterCycler RealPlex” real-time PCR system
(Eppendorf) using specific primer pairs for senescence-asso-
ciated mRNAs.

Methylation Analysis—The methylation status of the CpG
dinucleotides within the CpG island of the IGFBP3 promoter
was analyzed. BT474 and rBT474 cells were treated for 72 h
with the indicated concentrations of trastuzumab, and then
genomic DNA was purified using a genomic DNA extraction
kit (Qiagen). A bisulfite sequencing assay was performed on 1.0
pg of bisulfite-treated genomic DNA from each sample. Bisul-
fite conversion was performed using the MethylDetector bisul-
fite modification kit (Active Motif) according to the manufac-
turer’s instructions. The fragments of interest were amplified
using Platinum TagDNA Polymerase High Fidelity (Invitrogen)
with the following primer pair: forward, 5'-TGGG-
TATATTTTGGTTTTTGTAGA-3'; reverse, 5'-AAAAC-
CAAAATAACCCAAAACAC-3'. PCR products were gel-pu-
rified and cloned into the pCR4-TOPO TA vector (Invitrogen).
Individual bacterial colonies were picked and sequenced using
the M13 reverse primer (5'-GTTTTCCCAGTCACGAC-3') to
measure DNA methylation.

SA-Bgal Assays—SA-PBgal activity was detected using the
methods of Debacq-Chainiaux et al. (53). Cells were first
washed twice with PBS and then fixed using 2% formaldehyde
and 0.2% glutaraldehyde in PBS for 3 min. Following three
washes in PBS, cells were stained using 40 mm citric acid/so-
dium phosphate buffer (pH 6.0), 5 mm potassium ferrocyanide,
5 mM potassium ferracyanide, 150 mm NaCl, 2 mm MgCl,, and
1 mg/ml X-Gal, typically overnight at 37 °C. Microscopic anal-
yses were performed using an Olympus CK40 microscope with
a DP20 camera.

Statistical Analysis—Data are presented as the mean = S.E.
or mean * S.D. To determine p values, two-tailed Student’s ¢
tests were performed (unless otherwise indicated). p < 0.05 was
considered statistically significant. For survival curves, Kaplan-
Meier analysis was used, with statistical comparison among
curves performed using the log-rank test.

Study Approval—All experiments involving mice were
approved by the Duke Institutional Animal Care and Use Com-
mittee and followed all state and federal rules and regulations.
All specimens were obtained with written informed consent of
the patients and approved by the institutional ethical commit-
tee for clinical research.
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